hormonally regulated. That a proper balance between cell death and survival-promoting proteins is critical to achieve Transgenic mice expressing high levels of the BclxL or this physiological apoptotic wave at an early stage of Bcl2 proteins in the male germinal cells show a highly testicular germinal cell differentiation is substantiated by abnormal adult spermatogenesis accompanied by the finding of a comparable syndrome in mice defective sterility. This appears to result from the prevention of in the bax gene (Knudson et al., 1995) . This early an early and massive wave of apoptosis in the testis, apoptotic wave of germ cells during establishment of which occurs among germinal cells during the first spermatogenesis may be required to maintain a proper round of spermatogenesis. In contrast, sporadic cell number ratio between maturing germ cells and Sertoli apoptosis among spermatogonia, which occurs in nor-
Introduction
allowed transgenic progeny to be obtained. All transgenic female mice born from these transplanted ovaries had a Mammalian spermatogenesis can be divided into two phases. The first round of spermatogenesis, which starts closed vagina phenotype, and have been described elsewhere (Martinou et al., 1994; Rodriguez et al., 1997) . All after birth, is characterized by the sequential appearance within seminiferous tubules of cells corresponding to each transgenic male mice from the T56 line were sterile, and the line was maintained by repeated ovary transplantation. stage of germinal cell. The second phase is that of mature spermatogenesis, made up of the subsequent rounds of One founder female died and the two others had apparently normal progeny, with fertile males, which did not express spermatogenesis which then occur permanently in adult animals, and which is, in contrast, characterized by the the transgene in their testis. One female and three male founder mice bearing the bclxL transgene were obtained. concomitant presence of all germinal cell stages, from stem cells and early spermatogonia to fully differentiated Two males were sterile (TX60 and TX85), and the description of their testicular abnormalities is included in spermatozoa.
We report here that abnormal spermatogenesis accomthe present report. The sterile bcl2 T41 transgenic male and males of the panied by sterility occurs in transgenic mice expressing high levels of the Bclx long (BclxL) or Bcl2 proteins in T56 line strongly expressed the human Bcl2 protein in their testis, as judged by Western blot analysis of testicular their testicular germinal cells. This appears to result from the prevention by these apoptosis-inhibitory proteins, of lysates ( Figure 1b for T56); this protein was not detectable in lysates from the testes of the fertile males of the two a physiological early apoptotic wave, which occurs among Human Bcl2 is present in large amounts in the testicular lysate of a T56 mouse, but absent in the lysate of a control mouse. (c) BclxL, detected by an antibody which recognizes both mouse and human BclxL, is present in small amounts in the testis lysate of a normal adult mouse and in large amounts in the testis lysates of the two PGKbclxL transgenic mice TX60 and TX85. (d and e) Sections of the testis of a normal (d) and a transgenic T56 mouse (e) stained for the detection of human Bcl2: virtually all cells are stained in the transgenic testis, including a giant cell; strong expression of human Bcl2 was observed at all ages studied, including in 1-week-old mice.
other bcl2 transgenic lines (not shown). The testis of and in Figure 2d milder alterations in an 11-month-old mouse). Of special interest was the observation that the normal or transgenic mice does not contain detectable mouse Bcl2 (Figure 1a ). The human Bcl2 protein was first major histologic abnormalities were observed in the T56 testes only from the age of 5 weeks, which is the detected by immunofluorescence on frozen sections in all cell types of the seminiferous tubules (Figure 1d and e).
time of sexual maturity (see below). Depletion of germ cells of the transgenic adult testes did not appear to The two bclxL transgenic sterile males showed, on Western blots of the testicular lysates, a marked overexpression of result from a markedly decreased number of dividing spermatogonia since, after injection of bromodeoxyuridine the BclxL protein, compared with the testis of normal adult mice, in which BclxL is barely detectable (Figure 1c) .
(BrdU) to label S phase cells, the number of labeled spermatogonia observed in tissue sections was comparable The testes of all the sterile adult transgenic males (T41, TX60 and TX85) and of all male progeny of the T56 line with that found in normal mice (Figure 2h and i). were in the normal scrotal position and appeared grossly normal, except that they were reduced in size and weight Expression of Bcl2 or overexpression of BclxL in male germinal cells make them more resistant to (~20% for T56 and T41, 50% for TX60 and 20% for TX85) compared with testes of non-transgenic adult mice.
apoptotic-inducing conditions, in vitro and in vivo Suspension of testicular cells, obtained from adult T56, The seminiferous ducts were not obstructed. On histologic sections, the seminiferous tubules in all animals showed TX60 or TX85 mice and from control mice of the same age, were cultured in vitro for 6 days in the presence of a range of abnormalities, varying in severity between tubules and between testes (Figure 2b -f), including: (i) 10% fetal calf serum (FCS). The viability of transgenic cells was markedly increased (Figure 3a-c) ; the apoptotic the absence or severe depletion of spermatocytes and spermatids, with conserved spermatogonia and normal nature of cell death in culture was assessed by propidium iodide staining of the nuclei and by internucleosomal appearance and distribution of Sertoli and Leydig cells; (ii) complete cellular depletion of the tubules; (iii) the DNA fragmentation on agarose gels (not shown). Cell suspensions from transgenic animals probably contained presence of multinucleated giant cells whose number and distribution ranged from sporadic (one giant cell per an increased percentage of somatic cells which may have contributed to the cells recovered alive at the end of the section of~40 tubules) to high (more than one giant cell per tubule); the largest giant cells contained dozens of culture periods; since this accounted for~80% of the cultured cells after 5 days, contrasting with the lack of nuclei and their diameter reached one quarter of that of the tubule; and (iv) massively decreased numbers of cell survival in the cultures from control mice, it is clear that the transgene expression increased the survival of spermatozoa compared with control animals (from 500-fold less to total absence) at the exit of the epididymis. germ cells.
In vivo, moderate testicular hyperthermia (43°C) is In the T56 transgenic line, in which testes were examined at various ages, no relationship was found between the known to inhibit spermatogenesis by inducing cell death in germ cells, the spermatocyte I population being the severity of the lesions and the age (see for instance in Figure 2b very severe lesions in a 10-week-old mouse, most sensitive to this form of injury (Allan et al., 1987) . The testes of control and transgenic mice of the T56 line largely restricted to spermatogonia (Allan et al., 1992) . Apoptotic cell death was evaluated by the TUNEL techwere submitted in vivo to a hyperthermia of 43°C in a waterbath for 15 min, and 6 h later testis sections were nique on sections of normal or transgenic testes. This confirmed that apoptosis can be observed in normal adult analyzed by the TUNEL labeling technique (Gavrieli et al., 1992) to detect apoptotic cells. In the testis of testes and occurs mainly in spermatogonia; unexpectedly, this phenomenon appeared not to be altered in the tubules normal mice, apoptotic spermatocytes were numerous with some apoptotic spermatogonia; in contrast, apoptotic cells of bcl2 or bclxL transgenic animals (Figure 4c and d). When spermatogonial apoptosis was evaluated as a were much less frequent in the transgenic testis ( Figure  3d and e). This observation confirmed the functional percentage of all spermatogonia observed (to take into account differences in cellular content between normal activity of Bcl2 expression in transgenic germ cells, leading to their protection from apoptosis-inducing conand transgenic tubules), the values observed (in percentage, controls, 0.21 Ϯ 0.09; bcl2, 0.26 Ϯ 0.09; bclxL, 0.39 Ϯ ditions.
0.1; 25 000 cells counted in each case) again provided no evidence for a decrease in adult spermatogonial apoptosis During normal adult spermatogenesis, apoptosis is a sporadic event, occurring mainly among in the transgenic mice. A few TUNEL-labeled spermatocytes were also observed in normal testes and were rarely spermatogonia; it is not significantly decreased in the testes of bcl2 or bclxL transgenic mice detected in transgenic testes, but this probably resulted from the low number of these cells in the highly disorganSporadic apoptotic cell death is known to occur in normal adult spermatogenesis, where it has been described to be ized tubules. These observations indicate that the major testicular alterations observed in the transgenic mice are around the 3rd week ( Figure 4e ). Staining of adjacent sections with antibodies to the Sertoli cell-specific GATA-1 not likely to result from the prevention, by the forced expression of a transgenic apoptosis-protecting protein, of protein (Yomogida et al., 1994) showed all TUNELpositive cells to be GATA negative ( Figure 4f and g), a physiological apoptotic process occurring in the testis of sexually mature mice.
establishing that this early apoptotic wave is restricted to the germ line.
To explore if this apoptotic wave is associated with The first wave of spermatogenesis, culminating before sexual maturity, is accompanied by an modified levels of proteins involved in cell death or survival, Western blot analyses were performed on testicuoutburst of focal apoptosis among germ cells; this early apoptotic wave, which takes place in cells lar lysates obtained every week between birth and sexual maturity ( Figure 5a ). The levels of the p53 and Bax expressing high amounts of the Bax protein, is markedly prevented in bcl2 transgenic mice proteins were strikingly elevated from birth until the 4th week, and hardly detectable in adult testis. Among other When testis sections of 3-week-old control or T56 mice were compared by the TUNEL technique ( Figure 4a and proteins known to be involved in cell death, Bad (Yang et al., 1995) was more weakly expressed without change b), the picture was completely different from that of sexually mature mice (compare Figure 4a and b with c at maturity, Bak (Farrow et al., 1995) was not detectable at any time (not shown) and BclxL was also expressed and d). Numerous apoptotic cells and bodies were observed in normal mice (Figure 4a ). These differences in size somewhat more in immature than in mature testes, but the difference was not as marked as for p53 and Bax. obviously represent different phases of the apoptotic process, in which germ cells phagocytosed by Sertoli cells Bcl2 was not significantly expressed in testes at all ages (data not shown). This suggested that the increased fragment their nuclei while moving toward the basal lamina. Thus, while the precise nature and origin of the expression of Bax, perhaps in association with that of p53, since the p53 protein may act as a bax promoter apoptotic cells and bodies was difficult to ascertain with precision, and although definite TUNEL-positive sperma- (Selvakumaran et al., 1994; Miyashita and Reed, 1995) , may be instrumental in the early apoptotic wave. By tocytes and spermatogonia were identified, spermatocyte degeneration may be the major origin of TUNEL-labeled immunohistochemistry on testis sections of 3-week-old normal mice, a faint expression of Bax by germ cells of cells and nuclear bodies seen during the first round of spermatogenesis. Transgenic testis, in contrast, showed a all stages was observed, being somewhat stronger in spermatogonia, and with very strong expression in focal strikingly lower number of apoptotic foci ( Figure 4b ) and contained larger numbers of germ cells.
groups of spermatocytes, with a frequency and distribution of highly expressing cells comparable with that observed To explore more precisely the apoptotic phenomena normally occurring during the first wave of spermatofor TUNEL-labeled cells at this age. [The specificity of the anti-Bax antibody was assessed by using an irrelevant genesis, sections of testes of normal mice obtained every other day between birth and the 6th week were then rabbit polyclonal antibody as first antibody, and also by adding the peptide against which the anti-Bax antibody analyzed by the TUNEL technique. While no apoptosis was observed during the first week, numerous apoptotic was raised (Krajewski et al., 1994a ) (data not shown)]. Serial sections were then performed to explore the possible nuclei were observed for the 2nd to the 4th week, peaking coincidence of strongly Bax-positive cells and of apoptotic immature testes indicated the existence of an early apoptotic wave, coincident with an overexpression of Bax. cells (Figure 5b and c) , which showed that TUNELpositive cells were often, but not always, high Bax Since this form of apoptosis was markedly prevented in immature testes expressing Bcl2, in contrast to the expressors. Because of the overall coincidence of the areas with focal apoptosis and focal high Bax expression, it observations made on spermatogonial apoptosis in mature testis, it appears that overexpression of Bcl2 or of BclxL seems likely that the TUNEL-positive cells in which a large amount of Bax was not detected already had cytoplasmic does alter normal mature spermatogenesis by interfering with the first wave of spermatogenesis rather than by alterations which were too extensive for an accurate detection of the Bax protein. In conclusion, the study of acting at a later time. Testosterone injections partially inhibit the early because of our observation of comparable but less severe lesions in mice of a NSEbcl2 transgenic line. These mice, germ cell apoptotic wave and lead to altered spermatogenesis bearing the same human bcl2 cDNA transgene but placed under the control of another promoter, not widely used in Recently, it has also been observed in the rat that sexually immature males show an increased level of apoptosis in testis, express a lesser amount of Bcl2 in their testes than do PGKbcl2 mice (Martinou et al., 1994 ; data not shown). the testis, appearing 1 week after birth and disappearing at puberty, and primarily affecting spermatocytes (Billig (iii) Expression of the bcl2 and bclxL transgenes in other sites (since their expression was not limited to the testis: et al., 1995) . This phenomenon is under hormonal, in particular gonadotropin, control, since it is considerably Martinou et al., 1994; Rodriguez et al., 1996 ; I.Rodriguez and P.Vassalli, submitted) may have resulted in a sex increased after hypophysectomy or treatment with a longacting gonadotropin-releasing hormone (GnRH) antagonhormone imbalance favoring testicular degeneration. This appears unlikely, since the transgenic males had a sexually ist, and largely reversed by injection of follicle-stimulating hormone (FSH), and to a lesser extent by injection of normal behavior and since the sizes of their prostate and seminal vesicles, which are also under hormonal control, testosterone. To explore whether the early apoptotic wave described here could be modulated by hormonal treatment, were not significantly different from that of control mice.
(iv) Not only were the two transgenic proteins strongly perhaps through a change in expression of apoptosisrelated proteins, we injected 1-week-old male mice with expressed in the testis (and, in the case of Bcl2, its germ line localization was ascertained by immunohistochemtestosterone every other day for 2 weeks (long-acting FSH was not available to us). This induced a decrease in istry), but increased resistance of the germ cells to apoptosis-inducing conditions, in vivo and in vitro, showed apoptosis in 3-week-old animals (Figure 6a and b) and some decrease in frequency of cells with an especially that these proteins were functional. (v) Finally, the major, if not the only, disturbance responsible for the defective high Bax content (although, on Western blots, the high Bax content characteristic of the immature testis was not adult spermatogenesis appears to be the failure of the germ cells to undergo apoptosis at a critical period, which significantly decreased; not shown). At sexual maturity (6 weeks), the testes of the testosterone-treated mice showed is precisely what can be expected from an overexpression of these proteins. marked tubular abnormalities ( Figure 6c ) and a very low content of spermatozoa. Although partial, these experiAlthough by itself only circumstantial, this last line of evidence becomes more compelling when associated with ments confirm that the early apoptotic wave observed in the immature testis is under sex hormone control, and that the observation that the testicular syndrome of these transgenic mice is closely comparable, if not identical, to the low rate of apoptosis resulting from a temporary hormonal change is probably responsible for the alterations that found in male mice defective in the bax gene (Knudson et al., 1995) . The Bcl2 and BclxL proteins are known to in spermatogenesis observed at the age of sexual maturity. dimerize with the Bax protein, and it has been shown that the balance between the expression of these apoptosis-
Discussion
protecting and apoptosis-inducing proteins is critical for cell survival or death . This is consistent Several lines of evidence indicate that the syndrome of defective adult spermatogenesis and testicular atrophy with the finding that genetically directed disturbances of this balance in the testis, by transgenic expression of Bcl2 observed in the transgenic mice described in the present report results from the overexpression of the apoptosisor overexpression of BclxL, or by disruption of the bax gene, lead to the same consequences, and suggests that protecting BclxL or Bcl2 proteins in germ cells. (i) A damaging effect of the transgene on the host genome can prevention of the physiological process of apoptosis essential to the normal maturation of the testis is at the center be ruled out since, for both PGKbcl2 and PGKbclxL transgenes, two independent integration sites were of the testicular syndrome observed. This notion receives additional support from the direct relationships (in time and involved. (ii) A deleterious use of the transgenic PGK promoter, resulting from competition for transcription localization) observed in situ between a high expression of Bax in the germ cells and their apoptosis (Figure 5b and factors with the endogenous promoter required for the synthesis of PGK-1, a housekeeping protein, is unlikely c). Thus, the salient notion emerging from the various observations and correlations made in the present work is stimuli? It has been observed recently that immature testes in the rat are extremely sensitive to gonadotropin depletion, that of a peculiar early apoptotic wave, occurring in the testicular germ line and which is essential for the which markedly enhances apoptosis in germ cells, while the gonadotropins, FSH and, to a lesser extent, testosterone development of normal adult spermatogenesis. This leads to the discussion of the following questions: when is this (Billig et al., 1993; Tapainen et al., 1993) , exert an opposite effect. Sertoli cells are known to bear high physiologically critical apoptotic wave involving male germ cells taking place? How is it regulated? How can a amounts of FSH receptors and to release, under FSH stimulation, a number of germ cell-stimulating products defect in a temporary process result in permanent impairment of spermatogenesis? What is the function of this (reviewed in Jegou, 1993) . Testosterone, mainly released by Leydig cells, may act at some specific stages of apoptotic wave?
Since the most conspicuous testicular lesions occurred spermatogenesis, where androgen receptors have been detected (Bremner et al., 1994) . These observations paralonly in adults, normal and transgenic adult testes were compared first for the extent of in situ apoptosis. It was lel those made in immature rat ovary, where apoptosis of the granulosa cells of the ovarian follicles is inhibited by unexpected to find that, in both cases, this process occurs at about the same levels, being confined mainly to gonadotropin treatment; this is accompanied by a decrease in Bax and a maintenance of bclxL mRNA levels (Tilly spermatogonia; it was only when transgenic germ cells were submitted to non-physiological apoptosis-inducing et al., 1995) . Thus the early apoptotic wave in the testis may be due to the expression of gonadotropin levels lower conditions, in vitro and in vivo, that their increased resistance to apoptosis became apparent. Apoptosis is a than those present in adults, acting in part by insufficient repression of bax transcription in germ cells. Our observawell-described and common event in the adult rodent testis, where it is restricted mainly to early spermatogonia tion that an early cycle of testosterone injection decreases the early apoptotic wave (with only a moderate effect on (Allan et al., 1992) . It thus appears that this normal process corresponds to a form of apoptosis which is not Bax levels, however) and results in marked alterations of spermatogenesis after sexual maturity (Figure 6c ) partially sensitive to the presence of Bcl2, BclxL or Bax, since we found this last protein virtually absent in adult testis, as substantiates this possibility. In conclusion, the early apoptotic wave during testis maturation appears to be is Bcl2, while the amount of BclxL is low. Since the number of dividing spermatogonia was roughly comparregulated, as are many other apoptotic processes, by the levels of relevant hormones (and of growth factors released able in normal and depleted adult testis, this suggested that abnormalities of spermatogenesis leading to subsequent through their action), which remain too low to allow survival of all germ cells. severe seminiferous tubule depletion were occurring at an earlier stage, i.e. during the first round of spermatogenesis, How could inhibition of a temporary phenomenon, the early wave of testicular apoptosis, have such a long-lasting which lasts in mice from the second to the fifth week of age; this is the developmental process leading to testicular effect, preventing normal spermatogenesis from being restored? Sertoli cells control germ cell differentiation. maturity. Sequential analysis of the first round of spermatogenesis for the presence of apoptotic cells led to the Their number does not appear to be modified during the early apoptotic wave, which spares them (Figure 4f ), nor detection of a striking early wave of apoptosis, culminating in the third week and probably affecting spermatocytes in the altered adult transgenic testes, at least in non-empty tubules. However, far from representing a homogeneous more than spermatogonia, often with a focal distribution. If the average disappearance time of an apoptotic nucleus cell population subject mainly to external hormonal influences, Sertoli cells display an extremely elaborate network once it has become detectable is~3-4 h, which is probably an overestimation (Surh and Sprent, 1994) , it can be of communication with the germ cells; this network is essential for the regulation of the seminiferous epithelial calculated that at least 80% of the germ cells are eliminated during the first round of spermatogenesis. This early cycle. For instance, in the normal adult testis, Sertoli cell morphology and function is critically influenced by the apoptotic wave was absent in transgenic mice, the testes of which contained more germ cells than did normal presence of late spermatids. It has been proposed that, at each step of spermatogenesis, the Sertoli cell activity is immature testes. The testis contained high levels of the BclxL, Bax and p53 proteins (Bcl2 appears never to be directed by the most advanced generation of germ cells within the seminiferous epithelium (for review, see Jegou, expressed at significant levels in mouse germ cells) which were detectable from birth and decreased abruptly or 1993). Since normal spermatogenesis, probably the most complex differentiation pathway permanently at work in disappeared after the 4th week. As mentioned above, there was a strong local and temporal coincidence between the the organism, requires the permanent fine tuning of a very elaborate cross-talk between Sertoli and germ cells, it may level of Bax expression and the occurrence of apoptosis. Apoptosis during the first round of spermatogenesis thus not be so surprising that disruption of this network, by prevention of the physiological process of germ cell differs from apoptosis observed in mature testis by the following features: (i) it occurs as a single wave; (ii) it is decrease at a critical time during development, has the capacity to impair spermatogenesis permanently. not restricted to spermatogonia and may, on the contrary, affect mainly spermatocytes; and (iii) it is sensitive to, What is the function of the early apoptotic wave in the testis? The ratio of the different stages of germ cells to and probably dependent on, variations in the BclxL-Bax balance. It is the disturbance of the first apoptotic wave Sertoli cells remains relatively constant in mammalian spermatogenesis, and, as just discussed, control of this rather than that of the adult testicular apoptosis which appears to be critical for the normal development and ratio is probably a critical requirement during testis differentiation. It has been proposed that a supra-optimal producfunction of the adult testis.
How is this apoptotic wave regulated by external tion of spermatogonia may, even in adult testes, require
In vivo hyperthermia subsequent death of part of these cells to keep an optimal Mice were anesthetized with tribromoethylene and the testes were ratio (reviewed in Allan, 1987) , and this may be the role of immersed in a 43°C water bath for 15 min. Testes were removed 6 h later.
the permanent apoptotic processes in early spermatogonia observed in the adult, whose regulation, however, is Biotech. Inc.) at a 100 ng/ml concentration. Rabbit anti-mouse Bax transient ischemia (Allan et al., 1987) .
(13686E, Pharmingen) was used as described in Krajewski et al. (1994a) , While this report was in the process of being written, and rabbit anti-Bclx was produced and used as described in Krajewski et al. (1994b) . Polyclonal rabbit anti-Bak and anti-Bad antisera were a paper appeared (Furuchi et al., 1996) describing compargenerated by injecting rabbits following standard procedures with the able abnormalities in the testis of mice bearing a bcl2 peptides YSEFQTMLQHLQPT and GRELRRMSDE respectively, transgene.
coupled to keyhole limpet hemocyanin, and used at a 1:1000 dilution. Peroxidase-conjugated F(ab) 2 goat anti-hamster IgG (Jackson ImmunoResearch Labs Inc., West Grove, PA), goat anti-mouse IgG or anti-rabbit IgG (Santa Cruz Biotech. Inc.) were used for 1 h as secondary antibodies
Materials and methods
at a concentration of 400-800 ng/ml. Membranes were washed with TBS-T, incubated in enhanced chemiluminescent (ECL) detection reagents Generation of mice (Amersham International, Amersham, Bucks, UK) for 1 min at room PGKbcl2 transgenic animals bore a transgene containing a human cDNA temperature, and exposed to X-Omat films (Eastman Kodak Co., Rochescontaining the complete coding sequence of bcl2 which was described ter, NY). previously (Martinou et al., 1994) . A cDNA encoding human BclxL was excised from pcDNAbclxL by XbaI and NotI digestion, blunted and Testosterone injections inserted into pPGKbcl2, in which the human bcl2 cDNA had been One-week-old male mice were injected subcutaneously every 2 days removed by SmaI and EcoRV digestion. The resulting construct was with 5 mg of testosterone in ricini oil (Testoviron Dépôt, Schering AG called pPGKbclxL. The transgene used for oocyte injections was excised Pharma, Germany). by digesting pPGKbclxL with SfiI, isolated on agarose gel and purified on a NACS column (Gibco BRL, Gaithersburg, MD). Transgenic animals were generated as described (Hogan et al., 1988) using (C57BL/ 
